Background: Building on an approach applied to cardiovascular and cancer research, we estimated the economic returns from United Kingdom public-and charitable-funded musculoskeletal disease (MSD) research that arise from the net value of the improved health outcomes in the United Kingdom.
Background
Total global investment in biomedical and health research was estimated at US$240 billion in 2009 [1] , equivalent to approximately US$270 billion in 2016. These investments are intended to improve health for patients and the public. But do they? And if so, what are their returns?
In recent years, researchers and research funders have aimed to better understand the range of impacts arising from public and charitable funding for medical research, including the resulting economic benefits. Such information provides accountability to taxpayers and charity donors, and increases our understanding of how research effectively translates to health gains. In this paper, we examine the economic returns from musculoskeletal disease (MSD) research. This is the third in a series of studies looking at the returns from cardiovascular (CVD) research [2] and cancer research [3] , as well as the broader economic impacts or spillover effects of research funding [4] .
As reviewed by Buxton et al. [5] , and updated by Glover et al. [3] and Raftery et al. [6] , the literature that assesses the value of the benefits of medical research forms a relatively limited field in terms of methodology and quality. There are two broad approaches. Firstly, a 'top down' approach where overall health gains in a disease area are related to research investments, but this requires an estimate of how much of the total health gain can be attributed to medical research investments. For example, Funding First [7] argued, in a report entitled 'Exceptional Returns' , that the steep decline in CVD deaths in the United States between 1970 and 1990 had an economic value of US$1.5 trillion annually, and deduced that one-third of this (US$500 billion a year) could be attributed to medical research that led to new procedures and drugs. The approach was replicated in a series of studies by Access Economics [8, 9] and Deloitte Access Economics [10] estimating the return on Australian biomedical research on the basis of overall improvements in Australian lifespan. The base-case assumption in these studies was that research was responsible for 50% of the improvements in healthy lifespan, although it is worth noting that the authors acknowledged there was no evidence to support this assumed rate of attribution.
The challenge of top-down attribution can be addressed by examining in a 'bottom-up' manner the impacts of specific projects or programmes of research by tracing forwards from the research to the benefits that arise. This is the approach developed by HERG [2] and Glover et al. [3] , and adopted in this study. Here, we estimate the net monetary benefits (NMB), defined as the health benefit valued in monetary terms minus the cost of delivering that health benefit, for a set of key interventions to reduce MSD that arose from the United Kingdom application of relevant United Kingdom research. This 'bottom-up' approach led to an impressive but less 'exceptional' internal rate of return (IRR) of 9% and 10% for CVD and cancer research, respectively [2, 3] .
However, in both these studies the reduction of smoking over the period analysed had a major impact on the estimated rate of return. For example, the return on cancer research investment declined to 2.4% in a sensitivity analysis that excluded the effect of smoking cessation, and attribution of the reduction in smoking to medical research alone is contestable. Glover et al. [3] therefore concluded it would be valuable to undertake an investigation in another clinical area, such as MSD, in which smoking only marginally affects outcome to see whether similar rates of return are found [3] (smoking has a comparatively small effect on the musculoskeletal system, including a reduction in bone mineral content and deleterious effects on osteoporosis, fractures and other MSD [11, 12] ). Another prima facie, methodological reason why MSD research is an interesting case to examine is that it largely relates to chronic conditions, where health gains occur through improvements in morbidity, rather than mortality as was the case for CVD and cancer.
The MSD burden of disease and research
How much biomedical and health research funding is invested in different disease areas is determined by a number of factors, including burden of disease, scientific tractability, donor appeal and previous investment [13] . The United Kingdom Clinical Research Collaboration [14] report a relatively weak correlation between research investment and burden of disease (using disability adjusted life years (DALYs)), using the health categories in the Health Research Classification System (HRCS). 1 Whilst 'cancer' has the highest proportion of spend and highest DALY rate (ca. 20%), the combined health research categories 'cardiovascular' , 'blood' and 'stroke' , have approximately 16% of burden, but only 9% of the spend. 'Musculoskeletal' has an even greater skew, with approximately 9% of the burden but only 3% of spend.
MSD has relatively low rates of mortality, although evidence indicates incidences of deaths in which MSD conditions were the underlying cause of death are under-reported [15, 16] ; however, it has a relatively high prevalence of disability and morbidity. Many musculoskeletal conditions are recurrent and lifelong disorders which can often cause long-term pain, physical disability, loss of independence, reduced social interaction and a decline in quality of life [17] . Arthritis conditions, for example, are the biggest cause of pain and disability in the United Kingdom [16] .
While most MSD conditions do not require hospital admission, MSDs are a frequent cause of consultation with general practitioners (GP). For example, 15-20% of all GP consultations involve a patient with MSD conditions [17] . Further, Woolf et al. [18] found, in a cross-national comparison, that MSD conditions are one of the leading causes of both long-term absences from work and disability pension claims.
MSD conditions affecting joints, bones, muscles and soft tissues can affect any age group, but the prevalence of the disease increases drastically for older people. The age group most commonly affected (50+ years old) tends to fall predominately outside of the active labour force. Further, conditions which fall under MSD affect approximately 10 million people in the United Kingdom, accounting for £5 billion of the NHS programme budget spend in England alone [16] .
Therefore, MSD has a very different funding and disease profile to that of the two previous studies on CVD [2] and cancer [3] .
Defining the scope of MSD
For this study, we needed a clear and internationally defensible definition of 'musculoskeletal' disease. Following consultation with a number of experts (see acknowledgements) we used Chapter XIII of the 10th revision of the International Statistical Classification of Diseases and Related Health Problems (ICD), known colloquially as ICD 10 Chapter XIII [19] . One advantage of using Chapter XIII of ICD 10 is that it is also the basis of the musculoskeletal category in the HRCS, meaning that, in many cases, research investment and health outcomes are defined using the same criteria.
As discussed in more detail below, we focussed on five condition groups/areas (with the number indicating the ICD sub-classification):
Inflammatory arthritis (M00-M14): particularly rheumatoid arthritis (RA), juvenile idiopathic arthritis (JIA), ankylosing spondylitis, psoriatic arthritis and gout Osteoarthritis (M15-M19) Connective tissue disorders (M30-M36): particularly systemic lupus erythematosus (SLE) and dermatomyositis Back pain and dorsopathies (M40-54) Osteoporosis (M80-82)
Methods

Overall approach
The overall conceptual approach is summarised in Fig. 1 and requires four key data elements to estimate the IRR arising from MSD research, namely (1) a time series of public and charitable funding of MSD-related research; (2) a time series of NMB of MSD health gains, derived from the monetised health benefits and healthcare costs from the actual use of selected interventions; (3) an estimate of the elapsed time between the investment (research funding) and return (health gain) associated with those interventions; and (4) an estimate of the amount of health gain that should be attributed to United Kingdom public and charitable research investment in MSDrelated research.
With these four data inputs, the IRR on the public and charitable investment in MSD research and development (R&D) can be calculated (it should be noted that the costs of private sector R&D investments are accounted for in our analysis as elements within the cost of delivering healthcare, which are netted off in the NMB). The costs to the health service of medical interventions produced by the private sector are assumed to include the return to the private sector on its R&D investments. 
Estimating public and charitable funding of MSD-related research
We developed a time series of public and charitable funding of MSD-related research between 1970 and 2013 for the five largest research funders and a group of other research charities. Each involved a different approach.
Medical Research Council (MRC)
The MRC had previously provided digital copies of its annual reports dating back to 1911. Between 1976 and 1992, the MRC used a consistent disease classification system for its research grants, including the category 'Muscle, Bone and Joints' , which we used for this study. Data from 1976 to 1992 was extracted from heading 2 of the annual reports, which classifies projects according to relevance -that is, the total spend on each project is placed against any (and all) relevant categories (i.e. it can be double counted). In comparison, this classification method is more 'inclusive' than the alternative first heading in the MRC annual reports, which uses a classification according to the primary purpose, that is, the total spend equates to the total MRC spend for the year. As with the previous studies we use this broader definition of expenditure as it is likely to overstate funding and thus err on the side of being conservative when calculating the rate of return. In addition, the MRC gave access to annual reports detailing programme expenditure on conditional area 'Musculoskeletal' research from 2009 to present day, based on the HRCS definition.
Information was not available between the periods of 1970 to 1975 and 1993 to 2008, in which case we calculated missing data by inter-and extrapolating the missing data using various growth functions in Excel.
Wellcome Trust (WT)
The WT produced a detailed list of the grants awarded from 1970 to present day, and a summary of the total commitment annually. The WT grant management system identified awards with a 25% or higher proportion classified as 'musculoskeletal' , based on the HRCS definition.
Once data was compiled in Excel it was analysed for patterns and irregularities. For example, in 2008, there was an increase of approximately £28 million in total commitment as a result of grants awarded for three long-term research programmes, all in biomedical engineering. Upon request, WT provided further grant descriptions on the proportion of grants which had been classified as less than 50% 'Musculoskeletal' to determine whether the grant was within scope of the disease area as defined by ICD 10, and we reduced the total commitment to reflect the proportion of the grant falling under this classification.
To adjust the total commitment data into total expenditure, we assumed an average of 3 years for each grant and allocated commitment over this time period and re-calculated expenditure on a per year basis.
Arthritis Research United Kingdom (ARUK)
We assumed all ARUK research expenditure related to MSD. ARUK provided us with detailed data on the total commitment as recorded in their income and expenditure statements, up to and including 2008, and total expenditure from 2009 onwards.
Once data was collected and collated into an Excel spreadsheet, it was analysed for irregularities. The data showed a significant decrease in 2002, which mainly resulted from a change in research strategy, and therefore a pause in the funding of new grants.
As with the Wellcome Trust we adjusted commitment data (between 1970 and 2008) by assuming an average grant length of 3 years and allocating expenditure per year on that basis.
MSD research activity index
The Department of Health (DH) and Funding Councils (FCs) did not record information on research funding by disease area. As with the previous studies, we were able to generate a total expenditure for both, as described below, and multiplied this by an 'activity index' to estimate the amount of research expenditure on MSD annually.
The activity index was estimated by looking at the total expenditure on MSD research by the MRC and the WT and by comparing it with bibliometric data that was commissioned to inform other elements of the study. We also compared it to other sources, including a historical analysis of NHS research, which suggests that 4.5% of research outputs were related to MSD research [20] , and a more recent analysis using the HRCS, which suggests that 2.8% of research spend by the top 12 public funders in the United Kingdom is on MSD research [14] . Overall, we assumed that 3% of all biomedical and health research activity is related to MSD research, ranging between 2% and 4% for sensitivity analysis.
Department of Health (DH)
The DH did not have information available on total MSD research spend, nor did they have data on the total spend from one source. Additionally, we were interested in estimating the total research spend by the DH as well as the National Health Service (NHS), collectively. Therefore, as with the previous studies, we collected data from three sources, namely data for 1973 was entered by hand from Maddock, 1975 [21] ; data for 1981 to 1984 was entered by hand from the Annual Review of Government Funded R&D, 1984; and data on the DH (excluding NHS) from 1986 onwards data were collected from SET statistical 1970-1972 or 1974-1980 . Further, data for the NHS could not be extracted prior to 1995. Therefore, we estimated the expected funding in Excel for both NHS and DH separately to provide a time series for each, and added the two estimates for the total expenditure. We then multiplied our total DH/NHS/NIHR funding series by the activity index (as described above) to generate an estimate of total DH funding in MSD research.
Funding Councils (FCs)
Similar to the DH, the FCs did not differentiate research spend by field area, and therefore data on total research spend was collected and/or estimated and multiplied by the research activity index (see above). Data was collected from 1989 onwards from three sources, namely Data could not be extracted from 1970 to 1988; therefore, we took a similar approach to that used for DH funding. We projected the best linear fit of data for the period 1988 to 2012, then determined the expected growth from the same time series in order to estimate for missing annual data.
Other medical research charities
In addition to WT and ARUK, we were aware of other medical research charities that supported MSD research. We therefore approached the Association of Medical Research Charities (AMRC), which helped us identify and select that 'other group'. Using the HRCS report for 2014 [14] , AMRC identified 21 members who funded MSD research. Two of these charities were out of scope (because they were funding research outside the United Kingdom), leaving 19 AMRC members with a total spend of approximately £18 m per year on MSD research. When WT and ARUK were excluded, the remaining 17 charities spent approximately £2 m annually, with the top nine funders of the remaining charities accounting for 96% of this investment. We therefore asked these nine other charities for funding data back to 1970. In many cases, the charities did not have sufficiently robust data management systems to go back that far, and in a number of cases were established at some point during our time series. Furthermore, some had different financial years and different accounting practices (i.e. commitment of multiple year research funding vs. in year expenditure). One charity declined to participate on the grounds that it did not have the resources to collate the information. We worked closely with the other charities to develop our best estimated time series and combined this as 'other medical research charities' in our analysis. We deliberately present the aggregate data to protect the confidentiality of the charities and the data they provided. Overall the 'other medical research charities' account for approximately 4% of total expenditure on MSD research. For the sensitivity analysis, and to take into account missing data, we increased the other expenditure for the 'other medical research charities' by 20% for our high estimate.
Taking inflation into account
To calculate the total cumulative spend in real terms, the total nominal research spend was adjusted for inflation. We applied a Gross Domestic Product deflator sourced from the HM Treasury (base year = 2013/14) and adjusted total spend for each year based on this [22] . Thus, cumulative funding over the period we examined is expressed in 2013-2014 GBP.
Royalty payments
In principle, any royalty payments received by research funders as a result of their research investment in the relevant time period should be netted off in the year they occur and so reduce the present value of the investment stream. In previous studies, we had no evidence to suggest that such royalty payments would be sufficient to make a substantive difference to the estimated rate of return. In this case, returns from the royalties relating to the commercial development of anti-tumour necrosis factor (anti-TNF) drugs were believed to be sufficient to have an impact on the IRR. We accessed data from the published annual accounts of the Kennedy Trust and data supplied by ARUK to illustrate, in a sensitivity analysis, the magnitude of the effect of these royalties.
Estimating the NMB from MSD-related research
This element of the study required estimates of the lifetime quality adjusted life years (QALYs) gained and the net lifetime costs to the NHS of delivering those QALYs for relevant research-based interventions provided in each year of the period 1994-2013. Incremental QALYs encompass both survival and quality of life gains from an intervention as compared to prior practice. We used QALYs gained to quantify health gain rather than changes in DALYs. Although DALYs are used in much of the literature on overall burden of disease itself to characterise population health loss, QALYs are the more appropriate (and much more commonly used measure, particularly in the United Kingdom) to characterise the gain from the use of specific interventions. As far as data permitted, the methods and sources used were chosen to provide directly comparable results to those in the two previous studies on the returns on investment on CVD and cancer research [2, 3] .
Overall estimates of the QALYs, and the costs to the NHS of delivering them, were built-up by aggregating estimates for a series of specific interventions. As before, this approach required identification of the key relevant MSD interventions and the number of new patients actually receiving them in the NHS in each year of the relevant period and estimates of the discounted life-time QALY gains and net life-time costs per patient resulting from initiation of the intervention. The aggregated QALYs gained were then valued in monetary terms using, as before, a base-case opportunity cost value of a QALY to the NHS of £25,000 -the midpoint value of the National Institute for Health and Care Excellence's (NICE) threshold range [23] . From this, the similarly aggregated discounted net lifetime NHS costs of delivering that health benefit were deducted to provide the overall estimate of the NMB. Any specific circumstances where data limitations forced deviation from this approach are noted below.
In the absence of any study that had identified and quantified the research-based MSD interventions that had, during the relevant period, contributed most to the United Kingdom population health gain in this area, or to substantial changes in costs, we reviewed sources that might help build an initial view of likely interventions that might be included. Particularly important in this stage were studies identifying the burden of MSD disease in the United Kingdom [24] , relevant NICE Pathways [25] , and NICE and National Collaborative Centre (NCC) Guidelines [26] [27] [28] [29] . With the assistance of ARUK, we then identified key experts (see Acknowledgements) who, through a workshop (November 2015) and subsequent direct one-to-one interactions, helped produce a list of interventions that, in principle, looked appropriate for inclusion. More detailed review of available data and cost-effectiveness evidence was undertaken to confirm the importance of the listed interventions and to establish whether the necessary estimates of net costs and benefits, and levels of usage, were available. Further input from experts was sought (November 2016 to January 2017) to confirm our assumptions, check for any perceived omissions and to validate the emerging findings, after which some final adjustments were made.
QALY gains and costs of chosen interventions
We identified appropriate published studies that had estimated the cost-effectiveness of the chosen interventions in the United Kingdom. Wherever possible, we used independent studies produced for NICE or for national clinical guidelines and published in the Health Technology Assessment monograph series, or estimates that had been reviewed and accepted by NICE. In some instances, evidence was taken directly from NICE Technology Appraisals or from National Collaborating Centre Guideline modelling. Where more than one relevant study had been undertaken for NICE, we used the most recent to reflect the developing evidence base. Where no such study for NICE was available we sought the most relevant United Kingdom focussed study from published literature.
Constructing a time series (1994 to 2013) of usage of MSD interventions
To estimate total NMB for the period, per-patient QALY gains and net costs for each intervention were multiplied by the estimated number of new patients who actually received each intervention in each year. We used the following methods to estimate the time series of usage for the selected interventions.
Data on the number of patients receiving procedural interventions (e.g. hip replacements and surgical length of stay) were gathered from Hospital Episodes Statistics [30] available for years 1999-2013. For pharmacological interventions, prescribing data on total annual spend in the NHS over the period of interest was utilised. Two primary sources of net ingredient cost (NIC) were available -(1) Prescription Cost Analysis (PCA) [31] and (2) Hospital Prescribing England (HPE) [32] . Information on the average cost of a regimen was used, as well as accounting for usage across different diseases and indications, to estimate the number of patients receiving the intervention. Finally, estimates of the average duration of treatment allowed an estimation of the number of patients starting treatment in any of the given years of interest. These data were publically available over different time periods (PCA 1998 (PCA -2013 HPE 2004 HPE -2013 . Where an intervention was launched before available data, but within the time period, a linear interpolation was performed with usage assumed to be zero the year before launch. Where an intervention was launched prior to 1994 the last known value was carried back. For years where only PCA data were available, but prescribing also occurred in secondary care, a ratio of the last year of available PCA and HPE data was used to uprate years with PCA NIC only. Estimating the number of patients receiving interventions for low back pain (LBP) was approached differently, using general practice data provided for this study from the Clinical Practice Research Datalink (CPRD) [33] .
The component figures of numbers of people receiving treatment interventions were mainly derived from data for England. To produce a United Kingdom estimate (needed because research spend data is for the United Kingdom) figures were adjusted by a factor reflecting England's proportion of the adult United Kingdom population [34] . All cost estimates were adjusted to 2013-2014 prices using the Hospital and Community Health Services Pay and Prices Index [35] .
The value placed on the estimated QALYs gained is a critical parameter in estimating the return on research investment. Given that public spending on health research (whether from taxation or from public donations to medical charities) can be seen as a decision to achieve health benefits through research rather than directly through current healthcare, a value for a QALY (resulting from research investment) should arguably reflect the marginal opportunity cost of generating QALYs in the NHS. In the calculation of NMB in this study, as in the previous two studies, we used as the base-case value an operational opportunity cost value of a QALY in the middle of the 'threshold range' , as used by NICE in its Technology Appraisals of £25,000 [23] . However, this value can be contested; on the one hand, detailed econometric analysis has estimated that the marginal opportunity cost value in recent years has been significantly lower, at approximately £13,000 [36] . On the other, the value that society places on a QALY as recommended for use in quantifying the impacts of government policies is estimated to be £60,000 [37] . In addition to the base-case, we report values from £13,000 to £60,000.
Analysis of United Kingdom clinical guidelines to estimate elapsed time and rate of attribution
In the previous studies on CVD [2] and cancer [3] research, the references cited in a sample of clinical guidelines were analysed to inform the estimate of the elapsed time between research spend and net health gain, and the proportion of net health gain that could be attributed to United Kingdom research. In the current study on MSD research, we replicated this approach.
In line with the process for identifying musculoskeletal interventions, guidelines were identified and classified in terms of their relevance for inclusion by comparison to Chapter XIII of the ICD-10 disease classification [19] . Based on this inclusion criterion, a total of 22 national guidelines were identified, spanning a range of practice in the field and issued by ten different bodies (Table 1) .
We used a bespoke computer programme to extract references from the electronic PDF version of each guideline. In seven cases, the automated reference extraction failed (because papers were not referenced in a recognised format). In these instances, references were extracted manually.
Of the 3640 references cited in the 22 national guidelines, 2746 references (75%) were extracted automatically and 894 (25%) manually. References from non-journal sources (which were unlikely to constitute original research) and duplicates within the same guideline were removed, leaving a total of 3237 references. The average age of the papers cited in a clinical guideline has been termed the 'knowledge cycle time' [38] , which is the average difference between the publication date of the clinical guideline and the publication date of papers cited in the guideline. The knowledge cycle time was calculated for the 22 identified national guidelines, and used to inform the estimated elapsed time.
To estimate the rate of attribution to the United Kingdom, the 3640 extracted references were provided to the Centre for Science and Technology Studies (CWTS) 5 to be matched to their bibliometric database (which is derived from the Web of Science). Of the extracted references, CWTS was able to match 2804 (84%); 40 additional references were manually matched, for a total of 2844 (85%). Address data was successfully retrieved from Web of Science for 2762 of these papers. This dataset was used to estimate the degree of attribution to the United Kingdom, based on the addresses of all authors of the included papers. These addresses were used as a proxy for the location in which the research was conducted, and so it was possible to estimate the proportion of the research cited in guidelines that was conducted in the United Kingdom. The non-matched references included non-serial outputs, such as books and websites, journals that are not indexed in the Web of Science, papers whose publication pre-dates a journal's indexation in Web of Science and incorrect references.
Calculation of the rate of return
Using the four key sources of data summarised in Fig. 1 , we can attribute a proportion of the estimated total annual NMB of the MSD health gain as being due to United Kingdom research, and relate an equal number of years of investment to years of NMB, 'lagged' by an estimate of the elapsed time between research and benefit. As in the previous studies, we express this return on investment as an IRR, which is effectively the discount rate that would yield a zero net present value. In this application, the formula for the IRR is:
Where, Res Inv is the United Kingdom research spend on MSD in year t, NMB is the net monetary benefit in year t (monetary value of QALYs gained minus costs of delivery), Lag is the estimated average years between research spend and health gain, Attrib is the proportion of NMB attributed to United Kingdom research and IRR is the internal rate of return.
The IRR is convenient in enabling a comparison to be made between non-competing investments of different sizes with different start dates, as well as providing a direct comparison with our previous work.
Given the nature of the numerous necessary judgements involved, the multiple sources of evidence, the multiple parameters, and the many and various layers of estimates and assumptions, a probabilistic sensitivity analysis was not conducted. Even if it were possible, it would not be informative to express all the uncertainty as ranges for each parameter to reflect stochastic uncertainty in our overall estimate. Instead, we present a range of one-way sensitivity analyses that provide an indication of the uncertainty associated with each of the key aggregate parameters that goes into the calculation, namely the size of the research investment, the average elapsed time between research spend and use of the intervention, the magnitude of the NMB, the proportion of the NMB that can be attributed to United Kingdom research, and the effect of netting-off royalty payments from the investment stream.
Results
Public and charitable funding of United Kingdom MSDrelated research, 1970-2013
Additional file 1 provides a detailed account of the estimated total expenditure by year by organisation over a 43-year period . A summary of cash expenditure by funder can be found in Fig. 2 . The significant spike in 2008 can be attributed to three significantly large grants committed by the WT to the development of large facilities and long-term research programmes. Figure 3 shows the estimated public and charitable expenditure on MSD-related research as £1.4 billion from 1978 to 1997 in constant 2013 prices (i.e. adjusted for inflation). As noted below, 1978-1997 is the funding period used to calculate the IRR taking into account the estimated elapsed time. Figure 3 presents a sensitivity analysis with 'high' and 'low' scenarios for total MSD-related research spend, with a range of £1.2 billion to £1.6 billion. We additionally obtained two sets of estimates of royalty payments arising from anti-TNF commercialisation since 2002. The first set was for total royalty payments to the Kennedy Trust and the second was for the sum of the royalties retained by the Trust and those remitted to ARUK. The first is likely to be an over-estimate for our purposes as it includes some royalties received by private individuals; the second may underestimate the total sum that returned into medical research spending. We used both in the sensitivity analyses.
Interventions
A broad review of the field and discussions with our Advisory Board led us to focus on five main disease areas in which it appeared that the most significant research-based changes to healthcare delivery had occurred between 1994 and 2013. These were inflammatory arthritis, osteoarthritis, connective tissue disorders, osteoporosis and back pain.
Inflammatory arthritis (M00-M09: RA, JIA and psoriatic arthritis; M10-M12: Gout; M45: Ankylosing spondylitis)
Key interventions:
• Early, aggressive, combination therapy • Use of anti-TNFs (infliximab, etanercept, adalimumab, golimumab, certolizumab) • Use of other biologics (tocilizumab, abatacept, rituximab)
• Allopurinol and febuxostat in treatment of gout
The management of RA and other associated inflammatory arthritis has evolved over the studied time period, predicated by the advent of disease-modifying anti-rheumatic drugs (DMARDs). Conventional DMARDs (cDMARDs), most notably methotrexate, are now a standard component of initial RA management. Treatment has shifted from monotherapy or slow step-up regimen, towards early and aggressive combination therapy (EACT).
Use of methotrexate served as a proxy for all conventional DMARD therapy adjusting for a proportion of methotrexate co-prescribing with biologic DMARDs (bDMARDs). Methotrexate NIC data was only available from the PCA, so the estimates of usage may constitute a slight underestimate. However, given that maintenance doses are normally prescribed in primary care and that patients are likely to receive treatment for 10 years on average [39] , most prescribing will be captured in primary care prescribing data. Clinical experts estimated that 40% of patients were managed with EACT in 1994 and essentially all by 2000.
Since the early 2000s the major new treatment option of bDMARDs became available for patients with more severe RA. Anti-TNFs were the initial generation, with other new bDAMRDs emerging that affect RA through other mechanisms.
Estimates for the use of both cDMARD and bDMARD therapy took account of their use in other disease areas (ulcerative colitis, Crohn's disease, psoriasis, SLE) and across inflammatory arthritis indications (where net health gains are likely to differ). Usage was split proportional to incidence. NICE estimates were used to further allocate bDMARD use across different treatment stages (bDMARD naïve, after failure of an anti-TNF).
Cost effectiveness evidence was available from Tosh et al. [40] for EACT, and was inferred from Stevenson et al. [41] for bDMARDs for RA patients not previously treated with biologics or having failed on cDMARD therapy. Studies by Malkotti et al. [42] , Jackson et al. [43] and Minton et al. [44] provided estimates of bDMARD net health gains for patients previously treated with DMARDs including an anti-TNF.
In the absence of indication specific cost-effectiveness data for EACT, its benefits were assumed to be the same for the JIA population and psoriatic arthritis. Shepherd et al. [45] provided estimates of bDMARD net health gains after the failure of cDMARD management and after the failure of an anti-TNF for a JIA population. Rodgers et al. [46] and Corbett et al. [47] were used for bDMARD net health gains in psoriatic arthritis and ankylosing spondylitis, respectively. Beard et al. [48] provided cost-effectiveness data on allopurinol and febuxostat for the treatment of gout.
Osteoarthritis (M15-M19)
• Move to cementless and hybrid hip prostheses Joint replacement has constituted a mainstay of treatment to alleviate pain and regain function of damaged joints caused by osteoarthritis for some time. As such, it was not appropriate to include all benefits from hip and knee replacement during the period of interest. Incremental changes associated with the use of minimally invasive techniques were, however, relevant to this period, as well as a trend towards cementless and hybrid prostheses for hip replacement. There has also been a marked reduction in hospital length of stay for patients undergoing joint replacement. Mean hospital length of stay for hip and knee replacement surgery in 1999 was 12.7 and 12.3 days, respectively. By 2013, these figures were 5.7 (hip) and 5.1 (knee).
Data from the National Joint Registry [49] was used alongside Hospital Episodes Statistics to estimate the number of minimally invasive hip and knee replacements and type of prostheses used in hip replacement.
Net health gains for cementless and hybrid hip replacements were taken from Pennington et al. [50] and minimally invasive joint replacement from de Verteuil et al. [51] . All hip replacement net health gains were attributed to osteoarthritis, but include a very small proportion of replacement due to other reasons such as RA or dysplasia of the hip. DH reference costs were used to assign a unit cost to a 1-day reduction in length of stay. Savings were estimated by multiplying the annual number of replacements by the difference in length of stay compared to baseline.
All Cox-II inhibitor use was assumed to be in osteoarthritis, with net health gains attributed as such, using evidence from NCC modelling [52] . Cox-II inhibitors taken off the market (i.e. Vioxx) were overall assumed to produce no net benefit. A proportion of concomitant proton pump inhibitor use was assumed over the period, starting at 0% in 2006, rising to 30% by 2012 [52] .
Connective tissue disorders (M30-M35)
• Mycophenolate mofetil for SLE Net health gains resulting from mycophenolate mofetil were available for treatment of SLE [53] , although limited to a nephritis population.
Osteoporosis (M80-M82)
• Bisphosphonates (alendronate, etidronate, risedronate, zoledronate)
• Hormonal therapies and dual action bone agents (raloxifene, teriparatide, denosmuab, strontium ranelate)
Bisphosphonates, the first of which was launched in the mid-1990s, are recommended as a first-line treatment for post-menopausal osteoporosis and can be used in both primary and secondary fracture prevention. Subsequent hormonal therapies have been developed, which have similar properties.
Some therapies have become generic and these price changes were reflected in the average cost of a regimen over time to estimate the number of patients receiving treatment. However, such changes are not reflected in the cost-effectiveness evidence, and thus will tend to overestimate the lifetime costs of delivering healthcare. Data on zoledronate (Aclasta) NIC was not available in HPE and the manufacturer provided some internal data.
Stevenson et al. [54] provided estimates of per patient net health gains for most of these treatments, although evidence from NICE TA204 2010 [55] was used for zoledronate and denosumab. These data were provided split by age group, and as such net health gains were weighted to reflect the age distribution of the United Kingdom population. Assumptions about the proportion of osteoporosis intervention that is aimed at primary and secondary fracture prevention were taken from NICE estimates [55, 56] .
Back pain (M54)
• Manual therapy • Structured exercise programmes • Combined psychological and physical therapy
The focus was primarily on chronic low back pain and sciatica as defined by NICE guidance [57] . In the absence of a comprehensive source through which to ascertain the number of physical and psychological interventions for LBP that patients have received over the period of interest, we had to use a different approach to estimating the population.
Data on new diagnoses of LBP were obtained from the CPRD, which provides observational data from United Kingdom GP practices. Of the Read codes used to identify relevant LBP, approximately 95% of events were one of the following: LBP, back pain without radiation not otherwise specified, sciatica, complaint of LBP, pain in lumbar spine, mechanical low back pain, chronic low back pain, back pain, unspecified, or lumbago. Incidence was defined as the number of incident events divided by the total registered CPRD population (person years) after removing participants who had ever had previous back pain as well as the first year of CPRD sample follow-up, who were defined as not 'at risk'.
Incidence was split into sex-specific 5-year age bands. United Kingdom population figures were used to estimate a total number of incident cases of back pain during the period based on the CPRD sample. The focus was on a chronic population who receive active interventions over and above self-management and so an assumption around the proportion of incidence that would be chronic in nature was required (40%). Based on NICE guidance [58] , Leeds MSK service (personal communication) and a CSAG Report [59] we estimated what proportion of a chronic population would have received each of the three identified interventions over the period of interest. For structured exercise programmes the proportion was estimated to be 5% in 1994 and 20% by 2013; for manual therapy, these figures were 3% and 20%, and for combined physical and psychological therapy 0.3% and 2.5%, respectively.
Data on per patient net health gains were taken from NICE/NCCPC guidelines [58] , except for manual therapy, which was taken from a cost-effectiveness analysis of the United Kingdom BEAM trial [60] . Table 2 shows the contribution to the total estimates of lifetime QALYs gained from the nine areas addressed, by year, based on the estimated number of new patients in which the intervention was initiated (procedural interventions are delivered in that year only, but pharmacological treatment duration varies across interventions). By far the largest contribution to the total health gain came from improved treatment of RA (40.1% of the total). Inflammatory arthritis as a whole accounts for 57.5% of the total. Osteoarthritis and osteoporosis are the next biggest areas (21.7% and 12.2%, respectively). Table 3 shows the lifetime net costs to the NHS of new patients initiated on the treatments in question for each of these areas over the 20-year period. Again, by far the biggest costs are associated with RA alone or inflammatory arthritis taken as a whole. It is notable that developments for osteoarthritis have led to a substantial cost saving as a result of lower surgical hospital stay observed over the period. Less substantial, but significant cost savings also arose from treatment of connective tissue disorders, as a result of avoiding the costs associated with renal failure in patients with SLE. The table also reflects that the treatments for LBP that were adopted were relatively cheap and highly cost-effective. Table 4 summarises the NMB when the QALYs have been valued at the base-case value of £25,000 and the net costs to the NHS of the intervention and its longterm sequelae have been deducted. At this value of a QALY, all areas except treatments for ankylosing spondylitis show a positive NMB. Osteoarthritis is the single area with the largest NMB (approximately 43.7% of the total), although inflammatory arthritis as a whole accounts for a similar proportion. Within that total, however, RA accounts for 28.5%. It contributes to NMB to a lesser extent than to QALYs because the new DMARDs have generally been priced to be just acceptable to NICE at the upper end of its £20,000-30,000 'threshold'. Indeed, the new DMARDs for RA as a whole produced a negative NMB, but this was offset by large net health gains from the shift towards early, aggressive combination therapy. The overall annual figures for monetised QALYs, net cost of delivery and NMB of key MSD interventions 1994-2013 are shown Fig. 4 . Additional file 2 provides details of the breakdown of estimated numbers of patients for each intervention in each year and the related QALY estimates.
Net monetary benefit (NMB)
Estimating the elapsed time
Our estimate of the elapsed time between research funding and health gain was based primarily on analysis of the references cited on clinical guidelines. As illustrated in Fig. 5 , the mean age of the 3237 cited papers extracted from the 22 guidelines was 9 years. The median age was 7 years, with an interquartile range of 7 (4-11) years. To produce an estimate of the total elapsed time between investment and return, as required for this study, we added on to this value estimates for (1) the time between the awarding of funding and publication, and (2) the time between recommendation and realisation of health gain in clinical practice. Using the same approach as in our previous studies, we estimated these two periods to total approximately 7 years (3 years for the period between funding and publication and 4 years between recommendation and health gain). This gave a best estimated elapsed time between spending on research and health gain of 16 years. We looked at alternative approaches to estimate the knowledge cycle time, such as only including the NICE and Scottish Intercollegiate Guideline Network guidelines (mean 9 years, median 7 years) and looking at only the main osteoarthritis and RA guidelines, which are the conditions from which the largest health improvements stem (mean 10 years, median 9 years) Additional file 3 provides details of the guideline analysis. Estimating the proportion of health gains that can be attributed to United Kingdom research
The estimate of the proportion of the health gain that can be attributed to United Kingdom research was also based primarily on the analysis of cited references on clinical guidelines. A total of 2762 publications were analysed. The overall percentage across all guidelines, using full counting 6 as for the previous studies, was 30%, which forms our central estimate, but as shown in Table 5 , this differed substantially between specific guidelines. We also produced overall estimates using fractional counting 7 and the reprint address, 8 which gave an attribution to the United Kingdom of 25% and 24%, respectively.
To produce a range of values for the sensitivity analysis, we can consider the potential sources of uncertainty in these estimates. We identify two likely sources of error.
Firstly, we assume, for the purposes of our analysis, that the proportion of research conducted in the United Kingdom corresponds to the proportion supported by United Kingdom (charitable or public) funding. However, United Kingdom authors may receive funding from the United Kingdom or overseas industry or from other nonUnited Kingdom sources (notably the European Commission, but also other international funders). Equally, United Kingdom funders may fund researchers overseas, but we expect this to be limited in this field, and in most cases this is likely to be in collaboration with at least one United Kingdom author, in which case the full counting model would capture the resulting publications. For the purposes of our model, we assume flows of funding into and out of the United Kingdom to be equal. Considering industry funding, it may be that some of the papers with a United Kingdom address are industry funded (including nonUnited Kingdom industry), and as such should be excluded from the number of United Kingdom papers for our estimate of attribution to the United Kingdom. We expect this proportion to be small, but this is clearly an issue which warrants further investigation. Secondly, there is uncertainty around the relative contribution of funding associated with each author (and hence country) listed on each paper. The three bibliometric methods all estimate this differently. Using full counting effectively assumes that the United Kingdom contributes all the funding for any paper which has a United Kingdom author (and does the same for any other countries on the same paper). This is likely to overestimate the United Kingdom contribution. Fractional counting at the author level assumes an equal contribution of funding from each author on a paper (from the country in which they are based). With reprint addresses, the assumption is that all funding comes from the country in which the corresponding author is based. For the last two approaches, it is not clear whether they are likely to give an under-or overestimation of the proportion of funding from the United Kingdom. For consistency with previous studies, we have used the full counting approach for our central estimate.
Based on this analysis, we conclude that it is unlikely that the United Kingdom contribution is higher than our estimate from full counting of 30% (as used in Fig. 5 Elapsed time of the cited papers extracted from guidelines previous studies). However, it may be lower than our lowest estimate using the reprint addresses of 24%, considering the other potential sources of funding available to United Kingdom-based researchers. Taking this into account, we used lower and upper bounds of 20% and 30% for the sensitivity analysis.
Estimating the IRR from musculoskeletal disease research
Our estimates of the NMB produced by year (summarised in Table 4 ) at a base-case value of a QALY of £25,000 were then related to our best estimates of public and charitable spend by year on MSD research (summarised in Fig. 3 ) and expressed as an IRR. Calculation of the IRR incorporates our best estimates of the average elapsed time between research spending and use of the intervention (16 years) and of the proportion of the NMB that could be attributable to United Kingdom research (30%). This gives a base-case estimate of an IRR of 6.8%.
As is evident from the methods used, there is inevitably considerable uncertainty around the values of all our estimates. Table 6 presents a series of one-way sensitivity analyses to illustrate the effects of some of the main areas of uncertainty -all changes have predictable effects. Despite the detail of our estimation process there is considerable uncertainty in the NMB; we present the implications for the IRR of an arbitrary but plausible range of −25% and +25% around our estimate to reflect this. We also present the IRR omitting the cost-savings from reduction in length of stay for hip and knee replacements (see Discussion). The impact of taking into account the royalty payments arising from anti-TNF research increased the IRR by 0.2 percentage points taking our lower figures (possible underestimate) and by 0.4 percentage points using our higher figures (likely overestimate). The IRR predictably decreases with increased estimates of research funding and elapsed time and, as far as is explored, all the variables in the one-way sensitivity analyses show a positive rate of return. However, in combination, they could of course have produced a wider range of estimates for the IRR. Table 6 shows that, inevitably, the IRR is most sensitive to the range of plausible values that can be placed on the value of a QALY. At an opportunity cost in the NHS of £13,000, the IRR falls to 0.80%, whilst at a societal valuation of £60,000 the IRR is 12.9%.
Discussion
In this paper, we have estimated the economic returns from public and charitable funding of MSD-related research in the United Kingdom. Expressed in 2013 prices, total expenditure on MSD-related research was £1.4 billion for the period (1978-1997) that was used to estimate the rate of return. Over the period 1994-2013, the key interventions we analysed produced 871,000 QALYs with a NMB of £16 billion, allowing for the net NHS costs resulting from them and valuing a QALY at £25,000. The proportion of benefit attributable to United Kingdom research was 30% and the elapsed time between funding and impact of MSD treatments was 16 years. Our best estimate of the IRR from MSDrelated research was 7%, very similar to the 9% for CVD research and 10% for cancer research (Table 7) . When combined with previous estimates of the broader CVD cardiovascular disease, IRR internal rate of return, MSD musculoskeletal disease, NMB net monetary benefit economic (or 'spillover') benefits of biomedical and health research in the United Kingdom of 17% [4] , the total rate of return is approximately 24-27%. In this study, we have also further tested the bottomup methodological approach developed in the original 'Medical Research: What's it worth?' study [2] . The application of this method to a further disease area that is different to CVD and cancer -particularly in terms of the chronic nature of MSD and the predominantly quality of life gains of the benefit of the interventions -confirms the generalisability of our approach to estimate the economic returns from research; that is not to say that it is without limitations. We have organised the discussion on limitations and caveats by first looking at the key conceptual issues with the methodological approach, followed by issues related to data availability and quality, then an examination of a set of issues related to MSD research, and, finally, a set of key caveats on what this work demonstrates and what it does not.
Key conceptual assumptions inherent to methodological approach
In estimating the economic returns from MSD-related research (and indeed in the previous studies looking at CVD and cancer research) various key assumptions are made that are intrinsic to the conceptual approach adopted:
The total NMB for the interventions not covered is assumed to be zero. Our estimate assumes that any other MSD interventions introduced or widely adopted during the period in question not included in the analysis have, in aggregate, no effect on the NMB, that is, their NMB is equivalent to zero. Put another way we assume that, for any omitted interventions, the monetised value of the health benefit is equal to the cost of delivering the benefit. This seems a reasonable assumption as there may be interventions where the cost of delivery outweighs the value of the benefit and others where the value of the benefit outweighs the costs of delivery. Without analysing all these other interventions, it would be wrong to speculate on the balance of these effects and therefore they are assumed to cancel each other out. However, as discussed below, the likelihood of this assumption being correct will vary as the value of the QALY is decreased or increased in the sensitivity analysis. The total net flow of knowledge between disciplines is assumed to be zero. We know that the relationship between research discipline and impact is 'many-to-many' [61] , that is research from a specific discipline will contribute to multiple types of impact and a specific impact is often made up of contributions from multiple research disciplines. In the context of the current study, it is likely, for example, that MSD-related research benefits from, say, cancer research and vice versa. We therefore assume that the flow of knowledge is the same in to as it is out of different research fields, in effect cancelling each other out. The definition of MSD-related research used by the research funders captures basic research. We know this is the case for ARUK and the other disease-specific medical research charities as all their research funding is included in the analysis. For the FCs and the DH/NHS this would not be an issue as estimates for their MSD-related research funding were derived by applying the 'activity index', which would include basic research. However, for the MRC and WT this could be an issue. For the MRC, we relied on the funder's classification and used the broader of two definitions so that we would deliberately err on the side of caution by taking the higher level of R&D spend. For the WT, we had to rely on search terms and in scanning research grant titles we were reassured that fundamental research was included. The cost of private sector R&D is covered in the net NHS costs of the interventions. We assume that the costs of private sector R&D (i.e. nonpublic and non-charitable research expenditure) are accounted for when we net off the NHS costs for an intervention. This assumption holds for purely commercial research as, say, a pharmaceutical company will include the cost of their R&D investments in the price of a drug. It may be that companies invest in 'non-commercial' activities, such as public-private partnerships or precompetitive consortia, and in effect are subsidising the public sector research in doing so. However, even in this case (which is probably at the margins of total R&D investments) it is unlikely that the private sector is doing so in isolation of commercial considerations and it will recoup such costs through its sales revenues. All health gains arise from specific patient interventions. We assume that all health gains arise from, and are captured in, our estimates of the health gain from specific patient interventions. We recognise that broader service changes, such as the adoption of fracture clinics, or improvements in diagnosis are important but assume that they lead to patients receiving timely and appropriate interventions for which we estimate the QALYs gained. There is a possibility that we are failing to net off the full costs of such developments in service delivery if the cost-effectiveness evidence we use for such interventions fails to reflect the full cost of the service delivery associated with them. We have assumed there is a causal relationship between research and health gains. Our analysis relies on the assumption that the health benefits would not have occurred without the evidence from the medical research. Our bottom-up approach has the advantage that, for the individual interventions, there is causality as demonstrated through their formal clinical trials. Additionally, in this disease area we do not have the uncertainty as to any causal factors, other than medical research, that may have led in part to a reduction in smoking. Furthermore, in previous research on MSD, we used a case study approach that clearly demonstrated causality for the small number of interventions examined [62, 63] .
Uncertainties relating to key parameters
There remain a number of uncertainties with the bottom-up approach that relate to the nature, quality and availability of data that are relevant to this examination of MSD research, and were also the case for CVD and cancer research. Reducing the uncertainty with these data issues would improve the robustness of the IRR estimate and thus, in part, could inform future research avenues.
The monetary value of a QALY. As noted earlier in the paper, there is ongoing debate as to the appropriate value of a QALY. Our base-case assumption of £25,000 is consistent with our analysis of the returns to CVD and cancer research, and reflects the mid-point in the range of values (of £20,000 to £30,000) cited as normal criteria for acceptance of interventions by NICE [24] . However, as highlighted above, if the QALY is valued either at a lower (e.g. £13,000) or higher (e.g. £60,000) level then this could affect our core assumption that the total NMB for any new interventions not covered is assumed to be zero. If QALYs are valued at £60,000 then more interventions are likely to have a positive NMB among those not looked at, meaning that we are underestimating the rate of return. Conversely, if the QALY is valued at £13,000, then more interventions in those not looked at are likely to have a negative NMB, meaning that we are over estimating the rate of return. Estimates of the elapsed time are hard to determine. As with the previous studies, bibliometric analysis of clinical guidelines was used to estimate the time between research investment and health gain. The advantage of this approach is that it provides empirical estimates, but it is also, inevitably, a gross simplification of a complex and varied process, as we have discussed elsewhere [64, 65] . The estimate of the elapsed time is in accordance with other estimates using different approaches as reviewed by Morris et al. [66] , but is still a crude proxy and is an area that would benefit from further research. Estimates for the rate of attribution are very hard to determine. Like the estimate of the elapsed time, bibliometric analysis of clinical guidelines was used to estimate the proportion of the United Kingdom health gains that can be related to United Kingdom public and charitable research funding. However, the estimate of the attribution rate is harder to validate than the elapsed time and is thus more contestable. It is also becoming increasingly difficult to define, given the steady increase in international collaboration in research observed in recent decades [67] . Identifying any one country's contribution without a qualitative assessment of the research itself can only provide an uncertain estimate, but one that we believe is likely to be more robust at the aggregate level of an entire research field. Biases in coverage of bibliometric databases, particularly as regards languages other than English, should also be noted. An attribution rate of at least 7-9% would be expected given that the United Kingdom contributes approximately 7-9% of biomedical and health research outputs [68] . One could also argue that the rate would be somewhat higher than this given that the local healthcare context is likely to drive the need for locally relevant studies. In the previous two studies, the attribution rate was 17% for both CVD and cancer (Table 7) , which, given the above logic, felt defensible. However, an attribution rate of 30% for MSD seems high and was at the top end of the estimates we generated using different bibliometric methods. Thus, and although we used 30% for consistency with the previous studies, we did not include a higher upper bound estimate in the sensitivity analysis. It may also be that a proportion of papers cited on the clinical guidelines are solely private sector-funded and thus overstate the attribution rate to publically funded research (a scan of the references suggests that approximately 10% of United Kingdom papers could be solely industry funded). Either way a clear priority for future research would be to further examine how you measure how much of the United Kingdom health gain you can attribute to United Kingdom public and charitable research, and to validate or otherwise the guideline methodology. Missing funding data. Historical data on research funding expenditure was incomplete, meaning that we had to make a number of assumptions to account for missing data. These assumptions erred on the side of caution and were tested in the sensitivity analysis of the IRR. As we have previously noted [2] , if research funders wish to carry on with this type of analysis, the continued use of standard systems of research classification such as the HRCS will be important.
Key issues particular to MSD
There are a number of specific issues that relate to the assessment of MSD research, as indicated below.
Quality of data. We had expected that there might be greater problems in identifying cost-effectiveness data in MSD given that the outcomes of interventions are principally improvements in quality of life. In practice, there was relatively good data on the cost-effectiveness and usage of new drugs, reflecting that many had been subject to NICE appraisals. By contrast, there was much less cost-effectiveness data and very poor data on provision and usage for some interventions such as those for back pain. In part, this reflects the complexity and variability of the physical therapies potentially provided to multiple groups of MSD patients. There are issues about the generalisability of clinical trials and associated costeffectiveness studies and an absence of consistent routine methods of data collection on their usage. Pricing of new pharmacological interventions. One of the major therapeutic developments in the period was the advent of biologic DMARDs including anti-TNFs. Our analysis shows that these made a substantial contribution to the QALYs gained, but as most were priced to try to meet NICE's cost-effectiveness 'threshold' they contributed rather little to our estimates of NMB. However, as biosimilars now become available these drugs will, in future, if not superseded by other new interventions, contribute more strongly to any estimate of NMB. By contrast, early aggressive treatment with generic methotrexate provides both QALYs and a high NMB. Importance of reductions in length of stay. Our clinical experts emphasised the importance of changes in practice during the relevant period that had reduced lengths of stay and hence costs for some key procedures. They noted that, whilst desire for the reduction may have been driven by cost considerations, the change in practice was supported by research evidence showing no reduction in health benefit [69] [70] [71] . Review of the data showed that the change was marked and we estimated the cost savings in the case of hip and knee replacements.
However, we are aware that there may have been some similarly marked changes that we did not quantify in previous studies. Whilst we do not believe they would have been so significant in the case of CVD or cancer we provide a sensitivity analysis to show the IRR for MSD if these cost savings are excluded. Other interventions that we might have included. Some advances in the treatment of musculoskeletal connective tissue disorders have occurred over the period of interest, but data on their cost-effectiveness is limited. For example, there was a lack of cost-effectiveness data for other immunosuppressant therapies in SLE and scleroderma, notably cyclophosphamide and intravenous immunoglobulin for the treatment of dermatomyositis. The net health gains associated with rituximab use in SLE were also not quantified in the model due to a lack of data. Similarly, we were unable to characterise the cost-effectiveness and to find appropriate data on specific treatments for soft-tissue musculoskeletal pain (M60-M79). As noted above, for any area we were not able to analyse specifically, our methods implicitly assume that any benefits from treatment were directly offset by their costs of delivery (i.e. the NMB is 0). However, we are confident that our analysis directly captures most of the significant advances in the field that have produced important health or cost effects when viewed at a population level, and unlike our analysis of cancer, because the MSD field is smaller, we did not have to prioritise and effectively ignore some potentially important areas. The treatment of royalty payments. The particular circumstances of the commercialisation of anti-TNF research led us to consider for the first time in this study the impact on the IRR of the significant royalty payments, although we were unable to establish the precise total magnitude of the royalty payments that were returned to publicly funded medical research. The impact was not negligible although they did not significantly change the order of magnitude of the IRR. We are not aware of royalties of a similar relative magnitude in the case of our previous studies on CVD and cancer, but clearly it is an issue that needs to be considered and refined in future studies.
Key limitations and caveats to the 'bottom-up' approach for assessing economic returns There are three key caveats that are fundamental to appropriately using the results presented in this and the previous papers in assessing the economic rates of return for MSD, cancer and CVD research.
We have assessed past performance, not predicted future performance. In all three studies, we have estimated the rate of return based on past investments and therefore our results cannot be a guarantee of future returnsmedical research does not advance in a smooth and linear fashion. This is a crucial caveat when using these results to advocate the need for future research spending. We have assessed the average rate of return, not the marginal rate of return. From the analysis, we are not able to say whether the rate of return would have been different if research spending had been higher or lower, or whether at the margin the returns to research investment are increasing or decreasing. Assessing the marginal rate of return is of clear interest to policy-makers and this is a topic that warrants further research attention. Our estimates should not be used to make comparisons between disease area or intervention. Given the inherent assumptions and uncertainty in our approach we strongly counsel against making comparisons between the three disease areas we have examined or specific interventions within those disease areas. Taking the three studies together, we believe it is appropriate to say the IRR arising from health gains to the United Kingdom, from United Kingdom research, is between 7% and 10%.
It is of course impossible to know whether our estimates of the return are accurate in the absence of an observation of a control to provide the counterfactual. The likely validity of our estimates can only be judged through the reasonableness of the many assumptions about which we have tried to be entirely transparent. Should readers have more or less confidence in them because of the similarity between the estimates for IRR arising from health gains across the three studies? The results are indeed remarkably comparable (Table 7) . This can either be interpreted positively as some form of internal validation of plausible magnitudes, or negatively to suggest that something inherent in the methodology leads to this similar outcome. We are not aware of any aspect of our methods that suggests this is a methodological artefact. Rather, we draw some comfort from the fact that the similarity arises despite the inputs (research expenditure) and outcomes (NMB) being very different between the studies and for separate groups of interventions within each of them. The fact that the elapsed times are similar has a degree of face validity, as does the relatively high level of attribution for MSD, which, as already noted, given its chronic nature, is more likely to be influenced by local contextual research.
Conclusion
The public, both as taxpayers and charity donors, invest a significant amount of money into biomedical and health research each year. Understanding the economic impact of this investment provides accountability, helps secure future research investments and increases our understanding of how research is effectively translated into health improvements. In a series of studies looking at the net value of improved health outcomes, in CVD, cancer and MSD we have demonstrated an IRR of between 7% and 10%. When we include the 17% return for the broader economic or 'spillover' impact this rises to between 24% and 27%. The results suggest that, despite the uncertainties around the methods and estimates, the historical returns in terms of NMB of the health gains derived in the United Kingdom from public and charitably funded biomedical and health research are substantial and justify the investments made.
Endnotes
1 The Health Research Classification System (HRCS) is a two-dimensional framework. Codes from both HRCS dimensions are applied when classifying; one dimension, the Health Categories, is used to classify the type of health or disease being studied. There are 21 categories encompassing all diseases, conditions and areas of health. The other dimension, the Research Activity Codes, classifies the type of research activity being undertaken (from basic to applied). There are 48 codes divided into eight groups. See http://www.hrcsonline.net/rac/rac for more details. The data cited are on DALY rates from 2012 and research spend data from 2014. 2 Figures given between 1992 and 1993 show the UFC grants after the funds were transferred from the UFC to the Research Councils. Ethics approval and consent to participate Ethical approval for this research was obtained from King's College London through its minimal risk process (Research Ethics Number: MR/15/16-11).
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